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Summary
Objective: It has been shown by others that levels of matrix degrading enzymes are increased in osteoarthritis (OA) and so are proposed to be
involved in the aetiopathogenesis of the disease, including exercise-associated OA. Therefore we hypothesised that cathepsin B and cathep-
sin D were increased in cartilage samples previously shown to have early stage OA from 2-year-old Thoroughbred horses, euthanased for
reasons other than this study, that had a history of 19-week high intensity exercise (n¼ 6) compared to age and sex-matched horses with
a history of low intensity exercise (n¼ 6).
Methods: Cartilage samples were used from four speciﬁc sites within the carpal joints. Standard immunolocalisation protocols and blind count-
ing of positive and negative cells within the articular surface, mid-zone and deep zone (DZ) were used to test our hypothesis.
Results: A high intensity exercise regime did not signiﬁcantly alter the number of chondrocytes positive for cathepsin B, whereas a signiﬁcant
decrease was found for cathepsin D in the DZ, indicating that these enzymes are regulated differently by mechanical loading. Furthermore,
cathepsin D varied according to the topographical location within the joint, reﬂecting biomechanical differences experienced during a high
compared to a low intensity exercise regime.
Conclusion: This study disproves our hypothesis that cathepsins B and D are increased following a high intensity exercise regime unlike that
reported for other matrix enzymes.
ª 2006 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Abbreviations: OA osteoarthritis, ECM extracellular matrix, AS articular surface, MZ mid-zone, DZ deep zone, MCJ middle carpal joint, RP
radial palmar, RD radial dorsal, IP intermediate palmar, ID intermediate dorsal.
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Osteoarthritis (OA) is a disease of the whole joint that is
thought to be multi-factorial in aetiology, with biomechan-
ics being implicated1. However, the degree of degenera-
tion occurs focally within the joint suggesting local
initiators of the disease. Chrisman2 ﬁrst hypothesised
that catabolic enzymes were the local trigger factors, but
this so far remains unproven due, in part, to the absence
of suitable models for the study of repetitive cartilage load-
ing in vivo. Once OA has become established the biome-
chanical properties3 and the responses of articular
cartilage to load lead to further progression of the
disease4,5. Nevertheless, it is still unknown exactly how
biomechanical factors and catabolic enzymes interact in
the aetiopathogenesis of OA.
Typical histopathological changes in OA include a ﬁbril-
lated and eroded articular surface (AS) surrounded by an
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Received 27 March 2006; revision accepted 27 August 2006.3area of acellular cartilage and chondrocyte clusters6. Chon-
drocyte clusters are reported to have increased expression
and activity of catabolic extracellular matrix (ECM) degrad-
ing enzymes including cathepsin B7,8 and cathepsin D9.
Cathepsins B and D belong to different families of enzymes;
cathepsin B being a cysteine endopeptidase and cathepsin
D an aspartyl protease. Both enzymes are predominantly
intracellular enzymes but have been shown to be involved
in concert with cathepsin K10 and the matrix metalloprotei-
nases (MMP)11e14, in the degradation of the ECM15e17.
Cathepsins B and D also play a role both in the activation
of the MMP18 and inactivation of tissue inhibitor of metallo-
proteinase-219. Thus although both enzymes are predomi-
nantly intracellular they could be the principle activators of
the enzymatic cascade and inactivation of inhibitors re-
ported in OA.
Previous studies from our laboratory have focused specif-
ically on the expression and role of cathepsins B and D in
the horse20 in the equine degenerative joint diseases osteo-
chondrosis21,22 and OA23 and the in vitro effects of biome-
chanical trauma24. As a continuation of these studies the
present project set out to address the question of the possi-
ble role of these enzymes in the onset of OA in horses
following high intensity exercise.43
344 E. A. Bowe et al.: Cathepsins B and D alter in early OAThis study used historical cartilage samples taken from
Thoroughbred horses involved in a controlled exercise
study, in which regular physiological loads had been ap-
plied to the joint. In previous histological and immunohisto-
logical studies using these samples, it has been reported
that early OA is present at speciﬁc sites [the radial dorsal
(RD) site in particular]25e28, and is especially associated
with high intensity exercise. Thus we hypothesise that
a high intensity exercise regime would increase the number
of cathepsins B and D positive cells indicating the involve-
ment of these enzymes in the pathogenesis of exercise-in-
duced OA.
Methods
MATERIALS
The primary anti-cathepsin B and anti-cathepsin D anti-
sera used in this study were kindly donated by Dr D. Buttle
(University of Shefﬁeld) and Dr A.J. Barrett (The Wellcome
Trust Sanger Institute, Cambridge), respectively. These
antisera were polyclonal and had been raised in sheep
against the puriﬁed mature forms of human cathepsin B
and chicken cathepsin D and have been extensively char-
acterised29,30. Both antisera were further checked for spec-
iﬁcity and cross-reactivity in the horse, as previously
reported21,22.
A secondary biotinylated rabbit anti-sheep antibody
(Dako) and a tertiary streptavidinehorse radish peroxidase
(HRP)-conjugated complex were used (Amersham Pharma-
cia Biotech), with 3,30-diaminobenzidine tetrachloride (DAB),
hydrogen peroxide, phosphate buffered saline (PBS), bovine
serum albumin (BSA) and TrizmaBaseHCl (SigmaeAldrich)
and Gurr’s aqueous mountant (BDH, VWR International).
SOURCE OF SAMPLES
All cartilage samples for this study had been obtained as
part of a multi-centre study25,31,32, therefore the in vivo part
of this study will only be brieﬂy described. Cartilage evalu-
ated was located at four standard sites within the carpus
of the left forelimb of 12 female Thoroughbred horses
(mean age: 19.3 0.9 months; mean body weight:
402 18 kg) that had undergone either a 19-week progres-
sive high intensity exercise programme on a high speed
treadmill (n¼ 6) or low intensity exercise limited to walking
on a mechanical horse walker (n¼ 6).
Samples had been obtained immediately after euthana-
sia for reasons other than this study. Standard sites on
the AS of the middle carpal joint (MCJ) were identiﬁed using
callipers (Fig. 1). Osteochondral samples from the dorsal
aspect of the radial carpal bone (RD), palmar aspect of
the radial carpal bone (RP), dorsal aspect of the intermedi-
ate carpal bone (ID) and palmar aspect of the intermediate
carpal bone (IP) were used to investigate changes in the
number of cathepsins B and D positive cells between the
two groups. All samples were decalciﬁed, embedded in par-
afﬁn and 4 mm sections cut and placed onto poly-L-lysine
pre-coated slides.
IMMUNOLOCALISATION OF CATHEPSINS B AND D
To immunolocalise cathepsins B and D, sections were
dewaxed and rehydrated. After rehydration, a standard im-
munolocalisation protocol was performed. Brieﬂy, endoge-
nous peroxidases were quenched by incubating for 5 minin 3% hydrogen peroxide in water. Sections were washed
and blocked for 30 min at room temperature using 10% foe-
tal calf serum in 1% BSA PBS. Primary antisera against ca-
thepsin B (1:50) or cathepsin D (1:100) diluted in 1% BSA
PBS were applied overnight at 4C. Following washing of
sections, blocking buffer was reapplied for 30 min and the
biotinylated secondary antibody raised in rabbit against
sheep immunoglobulins (1:200) was applied for 2 h at
room temperature. Following further washing, the tertiary
streptavidineHRP-conjugated complex (1:200) was applied
to each section for 1 h at room temperature. To visualise the
immunocomplex 0.05% (w/v) DAB solution containing
1:100 (v/v) 1% hydrogen peroxide was applied to each sec-
tion after washing, which was left for 5 min before a further
washing and mounting in Gurr’s aqueous mountant. Rele-
vant control sections, including the use of normal sheep se-
rum instead of the primary antibody, were tested to prove no
non-speciﬁc staining occurred using this method.
Fig. 1. (A) Diagram of sites from which the cartilage was taken in
the MCJ of the left forelimb. For the diagram of the entire limb,
dorsal is to the left of the diagram and palmar is to the right. For
the diagram of the carpal bones, medial is to the left and lateral
to the right (RP; RD; IP; ID, modiﬁed from Murray et al.25). (B)
Toluidine Blue staining of equine cartilage deﬁning the cartilage
zones from which the cell counts were taken: the AS contains
ﬂattened cells near the surface; the MZ contains rounder cells
that are individually spaced; the DZ contains larger cells, clumped
together.
345Osteoarthritis and Cartilage Vol. 15, No. 3Fig. 2. Typical immunolocalisation of cathepsin B (A) within articular cartilage from a high intensity exercised horse (bar¼ 600 mm). (B) Mag-
niﬁcation of box in A (bar¼ 300 mm). (C) An intense staining of cathepsin B was noted in chondrocyte clusters (arrow head), adjacent to the
damaged AS (asterisk) (bar¼ 100 mm).DATA ANALYSIS
Four sections per site were analysed randomly and
blindly for cathepsins B and D by determining the percent-
age of positive cells in the AS, mid-zone (MZ) and deep
zone (DZ). The AS was deﬁned as the ﬂattened cells near
the surface, the MZ as rounder cells that are individually
spaced and the DZ as larger cells, clumped together
[Fig. 1(B)]. Analysis was performed, using phase-contrast
microscopy under bright-ﬁeld conditions, by counting posi-
tive and negative chondrocytes in at least 10 ﬁelds of
view throughout each zone and a mean percentage of pos-
itive cells calculated. Final measurements were not
obtained until repeatability was considered adequate (coef-
ﬁcient of variation< 0.1). For each exercise group, mean
levels of cathepsins B and D in each zone and for the entire
depth of the cartilage were calculated at each of the four
sites. Additionally, mean percentage values of positive cells
in each zone (AS, MZ, DZ) from all four test sites were
calculated.
One-way and two-way analysis of variance followed by
a post hoc least signiﬁcant difference test were used to
test for differences within and between exercise groups;
speciﬁcally analysing dorsal vs palmar and intermediate
vs radial sites in each zone and in the entire depth. All sta-
tistical analysis was performed using a statistical analysis
programme (SPSS 12, Chicago, USA) and signiﬁcance
was taken to be less than 0.05.
Results
THE EFFECTS OF EXERCISE ON THE NUMBER OF CATHEPSIN
B POSITIVE CELLS
Staining of chondrocytes was seen throughout the carti-
lage, with a higher proportion of positive cells noted in the
AS [Fig. 2(A,B)]. Chondrocyte clusters showed markedly
elevated levels of cathepsin B protein with the most intense
staining observed in clusters adjacent to the damaged
surface [Fig. 2(C)]. Staining was intracellular and no loss
of cells during the immunolocalisation protocol (denoted
by empty lacunae visualised by phase-contrast microscopy)
was evident. No staining was detected in the ECM.
Effect of test site
Subjectively, the percentage of cathepsin B positive cells
appeared to vary between cartilage sites and between zones
through the cartilage depth in individual sections. However,statistical analysis of cell counts detected no signiﬁcant dif-
ferences between sites for either exercise group when
each individual zone was examined separately (Fig. 3). Sim-
ilarly, no signiﬁcant differences in average pooled positive
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Fig. 3. The percentage of cathepsin B positive cells at each test site in
lowandhigh intensityexercisegroupswithin the (A)AS, (B)MZ, (C)DZ.
Grey bars, low intensity exercise; black bars, high intensity exercise.
346 E. A. Bowe et al.: Cathepsins B and D alter in early OACathepsin B within each cartilage zone pooled from all test sites
0
10
20
30
40
50
60
70
80
90
100
AS MZ DZ
a
ve
ra
ge
 %
 o
f c
at
he
ps
in
 
B 
po
sit
ive
 c
el
ls
*
*
B
Cathepsin B at each test site throughout the cartilage depth
0
10
20
30
40
50
60
70
80
90
100
RD RP ID IP
a
ve
ra
ge
 %
 o
f c
at
he
ps
in
 
B 
po
sit
ive
 c
el
ls
A
Fig. 4. (A) The percentage of cathepsin B positive cells throughout the cartilage depth at the four test sites (RD; RP; ID; IP). (B) The percent-
age of cathepsin B positive cells within each cartilage zone, pooled from all dissection sites (AS; MZ; DZ). Grey bars, low intensity exercise;
black bars, high intensity exercise; *, P< 0.001.cathepsin B cells throughout the cartilage depth for each test
site were found in either exercise group [Fig. 4(A)].
No signiﬁcant differences in percentages of cathepsin B
positive cells were found between the high and low intensity
exercise groups.
Effect of cartilage zone
A signiﬁcant difference in cell counts between zones was
detected when mean cathepsin B positive cells from all four
test sites were pooled. Cell counts in the AS were signiﬁ-
cantly higher than the MZ (P< 0.001) and DZ (P< 0.001)
in the high intensity exercise group [Fig. 4(B)].No signiﬁcant differences in the percentage of cathepsin
B positive cells were found between the high and low inten-
sity exercise groups.
THE EFFECTS OF EXERCISE ON THE NUMBER OF CATHEPSIN
D POSITIVE CELLS
A uniform pattern of expression of cathepsin D was noted
in chondrocytes throughout the cartilage depths
[Fig. 5(A,B)]. Chondrocyte clusters surrounding damaged
cartilage expressed elevated protein levels of cathepsin
D, similar to cathepsin B [Fig. 5(C)]. Similarly, staining
was intracellular, no staining was detected in the ECMFig. 5. Typical immunolocalisation of cathepsin D (A) within articular cartilage from a high intensity exercised horse (bar¼ 600 mm). (B) Mag-
niﬁcation of box in A (bar¼ 300 mm). (C) An intense staining of cathepsin D was noted in chondrocyte clusters (arrow heads), adjacent to the
damaged AS (asterisk) (bar¼ 100 mm).
347Osteoarthritis and Cartilage Vol. 15, No. 3and there was no evidence of a loss of cells during the im-
munolocalisation process.
Effect of test site
When zones were analysed separately, no signiﬁcant dif-
ferences were detected between test sites within the AS
and MZ [Fig. 6(A,B)]. However, the percentage of cathepsin
D positive cells in the DZ of cartilage from the high intensity
exercise group was signiﬁcantly lower dorsally compared to
the palmar site at the radial carpal site (P< 0.05) [Fig. 6(C)].
Conversely, in the DZ of cartilage from the low intensity
exercise group the percentage of cathepsin D positive cells
at the intermediate site was signiﬁcantly lower dorsally
compared to the palmar site (P< 0.05) [Fig. 6(C)]. On
comparing mean percentages of cathepsin D positive cells
throughout the cartilage depth between test sites, a signiﬁ-
cant difference was noted in the low intensity exercise
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Fig. 6. The percentage of cathepsin D positive cells at each test site
in low and high intensity exercise groups within the (A) AS, (B) MZ,
(C) DZ. Grey bars, low intensity exercise; black bars, high intensity
exercise; #P < 0.05; a, P< 0.05 low intensity vs high intensity
exercise.group [Fig. 7(A)]; RD was greater than RP (P< 0.05); RD
was greater than ID (P< 0.05); RP was less than IP
(P< 0.01); ID was less than IP (P< 0.001). Conversely,
no differences were found in the high intensity exercise
group.
Comparing cathepsin D positive cells at each individual
site between each exercise group, there were signiﬁcantly
lower cathepsin D counts within the DZ at sites RD
(P< 0.05) and IP (P< 0.05) in the high intensity exercise
group compared to the low intensity group [Fig. 6(C)].
These results were mirrored when the entire cartilage depth
was assessed [Fig. 7(A)]. No other signiﬁcant differences in
cell counts were detected between exercise groups.
Effect of cartilage zone
When counts for all four test sites in the high intensity ex-
ercise group were pooled, the DZ had signiﬁcantly fewer ca-
thepsin D positive cells than the AS (P< 0.05) [Fig. 7(B)].
No zonal variation was evident in the low intensity exercise
group.
No signiﬁcant differences in cathepsin D positive cells
were found between the high and low intensity exercise
groups.
Discussion
In the experiments described herein, samples of equine
articular cartilage obtained from a previous controlled
exercise study were used to test our hypothesis that high
intensity exercise would result in increased numbers of
chondrocytes expressing cathepsin B and cathepsin D. De-
spite the fact that samples from the exercised animals
showed phenotypic changes that are typical of early
OA25e28, it was found that, contrary to expectation, a high
intensity exercise regime caused a signiﬁcant decrease in
the percentage of chondrocytes positive for cathepsin D,
particularly in cartilage adjacent to the subchondral bone.
Cathepsin B was not affected by a high intensity exercise
regime. These results not only disprove our hypothesis,
but indicate that ECM degrading enzymes, including the ca-
thepsin family, are regulated differently. Konttinen et al. re-
ported an increase in the percentage of chondrocytes
positive for cathepsin K, an acidic cysteine endoproteinase,
in OA cartilage samples10. Similarly, increased levels of ex-
pression have been reported for MMP11e13 in OA cartilage,
particularly in areas adjacent to the AS. When interpreting
these results, it must be borne in mind that it is unknown
if there is a concurrent decrease in inhibitors of cathepsins
B and D. Furthermore, the activity of neither enzyme could
be assessed, as cartilage samples were embedded in
parafﬁn.
A signiﬁcant difference was noted in the DZ for cathepsin
D when examining individual cartilage zones within the four
test sites which may relate to changes in locomotion. Bio-
mechanically, it is known that during higher speeds of loco-
motion, forces acting through the metacarpal joint shift from
a more palmar to a more dorsal aspect of both the radial
and intermediate facets of the third carpal bone33. Addition-
ally, forces move from a more lateral to a more medial as-
pect within the joint33. This shift in location of peak force
was reﬂected in the number of cathepsin D positive cells;
within the high intensity exercise group a signiﬁcant de-
crease was noted at RD compared to RP, whereas, in the
low intensity group a signiﬁcant decrease was evident at
ID compared to IP.
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Fig. 7. (A) The percentage of cathepsin D positive cells throughout the cartilage depth at the four test sites (RD; RP; ID; IP). (B) The percent-
age of cathepsin D positive cells within each cartilage zone, pooled from all dissection sites (AS; MZ; DZ). Grey bars, low intensity exercise;
black bars, high intensity exercise; #P< 0.05; *, P< 0.01; a, P< 0.05 low intensity vs high intensity exercise.Following this study, we cannot rule out that there is no
role for cathepsin D in the aetiopathogenesis of exercise-
induced OA, as a signiﬁcant decrease in the number of
chondrocytes positive for this enzyme was noted following
high intensity exercise, rather than no change. However,
decreased expression of cathepsin D at site RD in the
DZ correlates with a reported increase in proteoglycan
content26 at this site. In contrast, at the AS a signiﬁcant
decrease in proteoglycan content and a ﬁbrillated AS
was previously noted by Murray et al.26. Murray et al.26
hypothesised that in early OA, cartilage in the DZ is
attempting to compensate for the large loss of proteogly-
can at the AS, but that this may not be adequate to
prevent overloading and damage of the cartilage, causing
OA to develop. It could now be proposed that the
cartilage increases proteoglycan content in the DZ by
lowering the expression of cathepsin D and possibly other
degrading enzymes, thus decreasing the degradation of
proteoglycans in this area by preventing either direct
degradation of aggrecan15 or the activation of
proenzymes34.
In conclusion, in vivo loading regulates cathepsin D.
However, contrary to our hypothesis, a high intensity ex-
ercise regime was associated with a decrease in the
number of cathepsin D immunopositive chondrocytes,particularly within the DZ. Furthermore, cathepsin B was
not signiﬁcantly altered following a high intensity exercise
regime.
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